ABSTRACT. ABSTRACT. ABSTRACT. By grafting with ethylene diamine tetraacetic acid (EDTA), novel multi-walled carbon nanotube nano-composites (EDTA-MWCNTs) have been successfully prepared. The integration of gold nanoparticles (AuNPs) and novel functionalized matrix shows very promising applications in the fabrication of biosensors for sensitive detection of dopamine in the presence of ascorbic acid and uric acid with the combination of the charge repelling property of carboxylic anion and the electrocatalytic effect of EDTA. The AuNPs and EDTA-MWCNTs modified film shows excellent sensitivity and selectivity for the dopamine analysis due to the synergic effect of AuNPs and EDTA-MWCNTs. As high as 2000 fold and 150 fold acceptable tolerance of ascorbic acid and uric acid for the determination of trace dopamine is reached, respectively. The linear concentration range for dopamine is from 1.0 × 10 -8 to 6.0 × 10 -6 mol.L -1
INTRODUCTION
Design and development of a simple and rapid detection method for dopamine (DA), an important neurotransmitter in mammalian central nervous system [1, 2] has drawn much attention [3] [4] [5] [6] . In real biological matrices, the concentration of DA is very low, while many coexisting substances such as ascorbic acid (AA) are in relatively high, 1000 times higher than that of DA generally. In addition, the oxidation potential of AA, DA and uric acid (UA) are close to each other. Thus, the determination of DA in the presence of high level of AA and UA in real biological samples faces a big challenge in improvement both selectivity and sensitivity. Therefore, the crucial problem in dopamine sensor design is removing the interference caused by AA and UA. It is known that AA (pK a 4.10) and UA (pK a 5.75) exist in their anionic form while DA is in its cationic form (pK b 8.87) at the physiological pH of 7.4. Thus, the working electrode modified with anionic polymer films is widely used to reduce the AA interference in the electroanalysis of DA [7] [8] [9] . Recently research developed an excellent permselectivity of the combined tyramine and pyrrole-1-propionic acid (PTy/PPA) film which shows high selective toward dopamine [10] . The properties of the sensor have been improved greatly. The modification of boron-doped diamond electrodes with a combined electropolymerized film of PTy/PPA has allowed detection of dopamine in the presence of dopamine metabolites and excess ascorbic acid.
Nanoparticles such as carbon nanotubes (CNTs) and gold nanopartlcles (AuNPs) possess high electrocatalytic active, specific electronic properties, can facilitate electron transfer between the electroactive species and electrode, provide a new avenue for fabricating biosensors [11] [12] [13] . Many modified electrodes based on CNTs have been widely used for the study of DA, such as CNTs paste modified electrode, single walled carbon nanotube-modified platinum electrode [14] , single-walled carbon nanotubes-Fc modified glassy carbon electrode (GCE) [15] , Nafion/carbon nanotubes coated poly(3-methylthiophene) modified GCE [16] , multi-walled carbon nanotubes (MWCNTs) modified gold electrode [17] , layer-by-layer assembled MWCNTs modified electrode [18] , etc. In many cases, the sensors based on CNTs or AuNPs the have the detection limit of about 1 µmol.L -1 or lower [17, [19] [20] [21] . Hence, improving the selectivity and sensitivity of the DA sensor is still a significative research. Recently, composite materials based on integration of CNT and some other materials to possess properties of the individual components with a synergistic effect have gained growing interest. Materials for such purposes include conducting polymers, redox mediators and metal nanoparticles [22] [23] [24] [25] . For example, coupling CNT with cobalt hexacyanoferrate nanoparticles (CoNP) resulted in remarkable improvement of the electroactivity of the composite materials toward glucose through synergistic effect [25] . The CoNP-CNT-CHIT/GOx biosensor exhibited linearity from 10 µmol.L -1 up to 10 mmol.L -1 with a detection limit of 5 µmol.L -1 , whereas, the CNT-CHIT and CoNP-CHIT film modified glucose biosensor exhibited very small response toward glucose with a detection limit of 300 µmol.L -1 and 1 mmol.L -1 [25] , respectively. In the present research, MWCNTs with the charge repelling property of carboxylic anion were first prepared by grafting ethylene diamine tetraacetic acid (EDTA) on to the surface of multi-walled carbon nanotubes in order to anti-interference of AA and UA. Then, a novel DA sensor was prepared by covalently attracted AuNPs and EDTA-MWCNTs onto the surface of GCE. The properties of the sensor improved significantly benefited from the synergic action of AuNPs and EDTA-MWCNTs.
EXPERIMENTAL

Reagents
MWCNTs (95 %, with outer diameters of ca 10-20 nm and lengths of 5-10 mm) were from Shenzhen Nanotech. Port. Co. Ltd. (Shenzhen, China). DA, UA were from Sigma (USA). 3-Mercaptopropylmethyldimethoxysilane (MPDeOS), 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDC, 98+ %), N-hydroxysuccinimide (NHS, 98+ %) were sourced from Acros Organics (USA). EDTA and other reagents were of analytical reagent and from Shanghai Chemical Reagents Co (China), and used without further purification. Solutions of AA, DA and UA were freshly prepared before use. Buffers of Na 2 HPO 4 -KH 2 PO 4 (PBS, 0.20 mol.L -1 ) at various pH values were prepared and used as the supporting electrolyte. Doubly distilled water was used throughout all experiments.
Apparatus
Infrared spectra were recorded using FTIR Spectrum One (Perkin Elmer). Electrochemical measurements were performed with a three-electrode system comprising of a platinum foil as the auxiliary electrode, a saturated calomel electrode as reference electrode, and a working electrode. A MPDeOS modified GCE and a EDTA-MWCNTs modified GCE were used as the working electrode. All electrochemical experiments were performed on a LK 98 Microcomputer-based Electrochemical Analyzer (Tianjin, China).
Procedure
Treatments of glassy carbon electrode and multi-walled carbon nanotubes
Prior to modification, GCE was polished with 3 and 1 µm aluminum slurries, the electrode was then rinsed copiously with water and sonicated in a water bath for 2 min, then treated with a solution of HNO 3 /H 2 O (1:4, v:v) for 30 s. After being rinsed, the electrode was polished with a 0.05 µm aluminum slurry to mirror finish. The electrode was rinsed again with water and sonicated for 2 min, finally let it air-dry.
The MWCNTs were pretreated according to the procedure with minor modifications [26, 27] . They were oxidized by refluxing in concentrated HNO 3 and H 2 SO 4 (volume ratio of 1:3) for 12 h. The resultant mixture was diluted with pure water to about three times of the original volume and stirred for 24 h. The mixture was subjected to high-speed to separate the black solid carboxylated MWCNT powder. After filtrating and washing with pure water several times, the powder was dried in a vacuum at 50 o C. The carboxylated CNTs were then dispersed in water by sonicating them to form an aqueous suspension of 1.0 mg mL -1 for further functionalization. An aqueous suspension (50 mL) of 0.1 mg mL -1 carboxylated MWCNT containing 100 mg of EDC and 100 mg of NHS was slowly added into an aqueous solution (1.5 mL of 0.2 % ethylene-diamine under high-speed agitating. The black slimy deposition of ethylene-diamine modified MWCNT was obtained via centrifugal sedimentation and washing. Then the deposition was dispersed in 50 mL water again by sonicated. The aqueous suspension (50 mL) of ethylene-diamine modified MWCNT prepared above containing 100 mg of EDC and 100 mg of NHS was slowly added into an aqueous solution (1.5 mL) of 1 % EDTA. EDTA-MWCNT was obtained by purifying with centrifugal sedimentation and washing with pure water to remove the excessive EDTA and auxiliary reagents.
Preparation of Au nanoparticles
All glassware used in the experiment was cleaned in a bath of freshly prepared 3:1 HCl/HNO 3 and rinsed thoroughly in water prior to use. AuNPs were prepared according to the literature report [28, 29] method. Briefly, a 250 mL aqueous solution of 0.01 % HAuCl 4 was heated to boiling with vigorous stirring, and then 1.9 mL of 1 % sodium citrate was added rapidly. After the solution change to red-violet, boiling continued for an additional 15 min, the heating source was removed, and the solution was stirred for another 15 min. The red-violet solution was stored at 4 o C in dark. The solution was subjected to high-speed centrifugal sedimentation to separate the red-violet solid AuNPs. After filtrating and washing with pure water several times, the red-violet solid AuNPs were then dispersed in water by sonicating for modification of GC electrode.
Preparation of the sensors
For GCE modification, first the glassy carbon electrode was dipped in 0.5 % MPDeOS ethanol solution for 24 h, the electrode was then rinsed copiously with ethanol and sonicated in a ethanol bath for 10 min, the MPDeOS modified electrode was prepared. The MPDeOS modified electrode was immersed into the AuNPs for 12 h and rinsed copiously with water and sonicated several times in water, and the electrode was then putted into an aqueous solution of 0.1 % cystine for 12 h and rinsed and sonicated in water several times. After the electrode was dipped into an aqueous saturated solution of EDTA-MWCNT contained 0.1 % EDC and NHS for 12 h, and then rinsed with water. The AuNPs and EDTA-MWCNT modified biosensor was prepared and stored in 0.001 M PBS for further application.
Human urine analysis
Freshly collected human urine samples were filtered and sequentially diluted in two steps (10-fold dilution each) with 0.20 mol.L -1 PBS (pH 7.2) to obtain a final sample of 100-fold dilution. The DA in the prepared samples was determined using the biosenser. Figure 1 depicts the FTIR spectra of the rough and chemical modified MWCNTs. The chemical modification of MWCNTs was first introduced carboxylic groups on the surface of the multiwalled carbon nanotubes oxidized by refluxing in concentrated HNO 3 and H 2 SO 4 . As shown in Figure 1b , three new infrared vibration absorption bands at 1600-1700 cm -1 are observed, as the carbonyl and carboxyl groups appear on the surface of the MWCNTs during the process of treatment with the mixed concentrated acids as compared with curve a in Figure 1 . Since the reaction between amino groups in ethylenediamine and carboxylic groups in carboxylated-MWCNT forms amide-MWCNT, one can see from the infrared absorption spectrum in Figure  1c that the absorption peaks at 1640 and 1550 cm -1 increase obviously. These absorption peaks are characteristic amide I and II bands that arise from amide groups in ethylenediamine in the MWCNTs. Figure 1d shows the strong absorption peak at 1705 cm -1 because there are plenty of carboxylic groups at MWCNT surface when EDTA was grafted on the surface of multi-walled carbon nanotubes. The procedure can simply show in Scheme 1. The AuNPs and EDTA-MWCNT modified film shows high electrocatalystic activity toward DA and a couple of sharp and symmetrical redox peaks was observed as seen from Figure 3 . The current response curve of the sensor was similar as that of cobalt(II) tetrakisphenylporphyrin modified film [5] toward DA.
RESULTS AND DISCUSSION
IR spectrum feature of EDTA-MWCNTs
Optimization of experimental parameters of the DA electrode
The biosensor response to DA is influenced by the pH of background electrolyte and the applied potential. The response current increased with increasing pH value from 3.0 to 7.2 then decreased as pH increases further, as show in Figure 4 . The maximum response occurred at pH 7.2 which was chosen for the following experiments.
The influence of working potential on the current response of the biosensor for detection of DA was investigated from 0.150 to 0.400 V. The sensor showed an improved sensitivity with increasing applied oxidation potential. However, as the oxidation potential was over than 0.30 V, the response became unstable. Therefore, the oxidation potential of 0.280 V was selected for the amperometric measurements in the present study. Figure 5 displays the typical amperometric response of the biosensor based on the EDTA-MWCNT for successive additions of DA under the optimal experimental conditions. The sensor exhibits a rapid and sensitive response to the addition of DA . The current response of the sensor is less than 1 s among the calibration range of DA.
Electrode response characteristics and calibration of DA sensor
The researches reported that the sensors based on the integration of CNTs and some other materials can enhance the eletrocatalytic activity and improve the detection sensitivity remarkably by utilizing their synergic action [22] [23] [24] [25] . The previous work exhibited that the response current of the GCE/AuNPs and GCE/MWCNTs sensors [17, [19] [20] [21] were linear in the range from 10 -6 to 10 -4 mol.L -1
, the detection limit was at the level of 10 -6 to 10 -7 mol.L -1 . In the present research, the integration of AuNPs and EDTA-MWCNTs exhibits higher electrochemical catalytic activity due to their synergistic effect. The DA sensor based on the AuNPs and EDTA-MWCNTs matrixes shows wider linear current response and more sensitive detection limit as seen from Figure 6 . Figure 6 shows that the response current of the GCE/AuNPs/EDTA-MWCNTs sensor is linear in the range from 1.0 × 10 -8 to 6.0 × 10 -6 mol.L -1 with a detection limit of 3.0 × 10 -9
mol.L -1 based on signal/noise = 3 and a correlation coefficient of 0.9948 (n = 9). Compared with GCE/AuNPs and GCE/MWCNTs sensors, the sensitivity of GCE/AuNPs/EDTA-MWCNTs sensor improved significantly. The sensitivity of the biosensor to DA can also be calculated from the linear region of calibration curve to be 1020 µA.L.mol ) with current increasing by 3.5 %. It is known that AA and UA exist in anionic form under the test conditions. At pH 7.2, EDTA exists in its carboxylate anions forms. Hence, there is plentiful negative charge on the surface of the sensor. By the benefiting from the charge repelling effect of EDTA-MWCNTs, the biosensor protects DA from the interference of AA and UA. The results show that the biosensor can substantially eliminate the interference from AA and UA.
The stability of the biosensor was investigated by amperometric measurements in the presence of 1.0 µmol.L -1 DA. The biosensor was tested every other day during 3 months and the sensitivity of the electrode response maintained over 90 % of the original value. The result showed an excellence stability, long lifetime and high sensitivity of the sensor. 
Determination of DA in human urine
The determination of DA in human urine samples was performed using the propose method. Current response was recorded in the diluted urine samples and those spiked with DA. As shown in Table 1 , the recoveries are satisfactory. .
CONCLUSIONS
In this work, EDTA-MWCNT nanohybrids were prepared by grafting EDTA onto carboxylated multi-walled carbon nanotubes. A high selective and sensitive DA sensor was fabricated by covalently modified GCE with AuNPs and EDTA-MWCNTs nanomaterials benefited from the synergic effect of AuNPs and EDTA-MWCNTs. The EDTA-MWCNTs with its electronegative charge repelling effect has been utilized to eliminate the interference caused by AA and UA for the DA detection. It provides an alternative system with excellent sensitivity and antiinterference ability. The detection limits were down to 3 nanomolar concentration. Because the EDTA-MWCNT nanohybrids can also load many other biomaterials and expands the application scope of CNTs and holds great promise for biosensor development.
